The crystal structure of phosphoenolpyruvate carboxylase (PEPC; EC 4.1.1.31) has been determined by x-ray diffraction methods at 2.8-Å resolution by using Escherichia coli PEPC complexed with L-aspartate, an allosteric inhibitor of all known PEPCs. The four subunits are arranged in a ''dimer-of-dimers'' form with respect to subunit contact, resulting in an overall square arrangement. The contents of ␣-helices and ␤-strands are 65% and 5%, respectively. All of the eight ␤-strands, which are widely dispersed in the primary structure, participate in the formation of a single ␤-barrel. Replacement of a conserved Arg residue (Arg-438) in this linkage with Cys increased the tendency of the enzyme to dissociate into dimers. The location of the catalytic site is likely to be near the C-terminal side of the ␤-barrel. The binding site for L-aspartate is located about 20 Å away from the catalytic site, and four residues (Lys-773, Arg-832, Arg-587, and Asn-881) are involved in effector binding. The participation of Arg-587 is unexpected, because it is known to be catalytically essential. Because this residue is in a highly conserved glycine-rich loop, which is characteristic of PEPC, L-aspartate seemingly causes inhibition by removing this glycine-rich loop from the catalytic site. There is another mobile loop from Lys-702 to Gly-708 that is missing in the crystal structure. The importance of this loop in catalytic activity was also shown. Thus, the crystal-structure determination of PEPC revealed two mobile loops bearing the enzymatic functions and accompanying allosteric inhibition by L-aspartate.
The enzyme is widespread in all plants and many kinds of bacteria and performs anaplerotic functions by replenishing C 4 -dicarboxylic acids for the synthesis of various cellular constituents and for the maintenance of the citric acid cycle (1) (2) (3) . Higher plants have several isoforms of PEPC with different kinetic and regulatory properties that correlate with their respective roles in cellular metabolism (4) . Considerable attention has been paid to this enzyme, because in C 4 plants such as maize and sugarcane and in crassulacean acid metabolism (CAM) plants such as pineapple and cactus, one of the PEPC isoforms is expressed abundantly and plays a key role in C 4 and CAM photosynthesis (5) . Molecular structural studies on PEPC are thus expected to provide clues for the development of innovative strategies for the augmentation of productivity of photosynthetic organisms and for the conversion of CO 2 into useful organic compounds.
PEPCs from various sources are usually composed of four identical subunits whose molecular masses are 95-110 kDa. The primary structure was first deduced from a cloned DNA of Escherichia coli in 1984 (6) . Since then, more than 20 molecular species of PEPC have been established from their primary structures, including the enzymes from maize (7, 8) , cyanobacteria (9) , and an extreme thermophile (10) . The alignment of all amino acid sequences available in 1994 and the construction of a phylogenetic tree by the neighbor-joining method showed that these various PEPCs had evolved from the same ancestral origin and that the amino acid identities and similarities among them were more than 31% and 52%, respectively (10, 11) . E. coli PEPC is very similar to the plant enzyme in primary structure except for the extra residues at the N terminus in the latter, which comprise a regulatory phosphorylation domain (3) . Thus, the three-dimensional structure of E. coli PEPC can be applied directly to plant PEPC.
X-ray crystallographic analysis (together with functional analysis by site-directed mutagenesis; ref. 12) of PEPC is indispensable for studies on the reaction mechanism and regulation by opposing allosteric effectors or covalent modification. However, this analysis has been hampered mainly because of the unavailability of a large amount of high-purity enzyme. This obstacle was overcome for E. coli PEPC when a simple method of preparation was established (13, 14) after the first preliminary crystallization report appeared in 1989 (15) . After this report, however, several obstacles were encountered in determining the three-dimensional structure of PEPC. These included a polymorphism in the crystallization process and the instability of the crystals obtained. Finally, these obstacles were overcome by modifying the precipitant and additives used in the crystallization solution, together with the use of synchrotron radiation. Here, we report the threedimensional structure of E. coli PEPC complexed with the allosteric inhibitor L-aspartate, determined by x-ray diffraction at 2.8-Å resolution.
modifications. The mother solution in the 6-l droplet contained 10 mg͞ml protein in 50 mM Tris⅐HCl (pH 7.4) with 6 mM sodium L-aspartate, 45 mM CaCl 2 , 0.6 mM DTT, and 10% (wt͞vol) polyethylene glycol 300. The droplet was equilibrated against a 500-l reservoir solution containing 2.5 mM L-aspartate, 90 mM CaCl 2 , 0.25 mM DTT, and 15% (wt͞vol) polyethylene glycol 300 in the same buffer. Crystals belong to the orthorhombic space group of I222, with unit cell parameters of a ϭ 117.6, b ϭ 248.4, and c ϭ 82.7 Å. The asymmetric unit contains one PEPC monomer. Thus, the homotetrameric PEPC molecule has D 2 crystallographic symmetry.
The statistics of diffraction intensities and initial phases determined by the multiple isomorphous replacement method are summarized in Table 1 . X-ray diffraction intensities were measured at station BL6B of the Photon Factory (Tsukuba, Japan) with the Sakabe Weissenberg camera for macromolecular crystallography and with imaging plates as a detector (16) . The data were processed with DENZO and scaled with the program SCALEPACK (17) . The crystal structure was determined by multiple isomorphous replacement, and three useful heavy-atom derivatives were obtained by soaking crystals in the presence of 1 mM methylmercuric chloride, mersalyl acid, or the sodium salt of ethylmercurithiosalicylic acid. Heavyatom parameters, including positions, occupancies, and temperature factors, were refined with the program MLPHARE (ref. 18 ; figure of merit of 0.47 at 2.8 Å). Solvent f lattening and histogram matching were performed with the program DM (19) .
Model Building and Refinement. Interpretation of the electron-density map and building of the atomic model were performed with the graphics program O (20) . The initial structure model, including partially resolved secondary structures, was refined with REFMAC (21) , and manual modifications of the model structure were carried out repeatedly up to an R-factor of 21.9% for the significant 26,242 reflections with resolutions between 10.0 Å and 2.8 Å. With a 5% reflection test set (1,409 reflections), the R free (22) value is 25.9%. The rms deviation from standard values of bond lengths and angles are 0.011 Å and 1.4°, respectively. The final model contains 6,898 nonhydrogen protein atoms and 39 solvent molecules.
Native PAGE. Both wild-type (WT) and mutant (R438C) enzymes were subjected to nondenaturing PAGE at either pH 9.5 or pH 7.4. The R438C enzyme was prepared by a method similar to that described (12) . The electrophoresis buffers at pH 9.5 and pH 7.4 were prepared according to the buffer systems of Laemmli (23) and Weber and Osborn (24) , respectively, but without SDS. The molecular mass of the partially dissociated species was estimated to be Ϸ200 kDa by gelfiltration chromatography on Superose 12 (Amersham Pharmacia).
RESULTS AND DISCUSSION
Tetramer Structure. The overall structure of E. coli PEPC is shown in Fig. 1 . The four identical subunits are related by the crystallographic 222 symmetry, resulting in a molecular symmetry of D 2 for the enzyme. The space-filling model of the homotetramer ( Fig. 1 c and d) clearly shows that two of the four monomers, colored blue and lavender or orange and green, form rather close intersubunit contacts, in contrast with the alternative pairs of monomers. The contact surface areas between blue and lavender subunits and blue and orange subunits were calculated to be 1,610 Å 2 and 520 Å 2 , respectively, by using the program GRASP (25) , based on a probe radius of 1.4 Å. In the center of the tetramer of PEPC, there are vacant holes. Therefore, the tetramer structure of PEPC is best described as a ''dimer of dimers''. In previous studies that used site-directed mutagenesis, the conserved Arg-438 residue was found to be essential for maintaining the tetrameric structure of the enzyme. The replacement of Arg-438 with Cys results in the partial dissociation of the tetramer into a dimer as shown by nondenaturing PAGE (Fig. 2a) . After completion of the x-ray structure determination, Arg-438 was found at the boundary of the two neighboring subunits with rather loose contact, between the blue and orange monomer and the lavender and green monomer (Fig. 2b) . The intersubunit interactions through Arg-438 are the salt bridges between this basic residue and Glu-433 of the neighboring subunit. By replacing Arg-438 with Cys, these salt bridges are disrupted, thus resulting in the dissociation of the tetrameric enzyme into two dimers. The revealed tetrameric structure of PEPC readily explains the inherent tendency of the enzyme to dissociate into rather stable dimers (26) .
Monomer Structure. The intrasubunit structure of PEPC from E. coli is shown in Fig. 3 in a pair of molecular projections. The characteristic features of the structure are an eightstranded ␤-barrel and an abundant number of ␣-helices. In Fig.  4 , the relationships between the secondary structural elements and the primary structures of the E. coli and maize (C 4 ) enzymes are shown. No ␤-strands are found, except for the MTS, ethylmercurithiosalicylic acid. *Rmerge ϭ ¥͉I Ϫ ͗I͉͘͞¥I, where I is the observed intensity. ͗I͘ is the average intensity of multiple observations of symmetry-related reflections.
where the crystallographic and free R-factor are calculated by using the working and free reflection sets, respectively. (1999) eight forming the barrel. In contrast to the limited number of ␤-strands, there are a total of 40 ␣-helices. The ␣-helices include a total of 576 residues, which is 65% of the polypeptide, whereas the ␤-strands include 40 residues, which is 5% of the polypeptide. Many of the ␣-helices are located together on the C-terminal side of the ␤-barrel, whereas few of them are located on the N terminal (Fig. 3b) . Aspartate, a negative effector molecule (2), was found among the ␣-helices on the C-terminal side of the barrel, as shown in Fig. 3 . The four-␣-helix bundle shown in red in Fig. 3 is also a characteristic of the molecular structure of PEPC. The bundle is composed of helices ␣11 (Ala-261-Leu-290), ␣13 (Pro-311-Lys-335), ␣14 (Asn-349-Cys-366), and ␣15 ϩ ␣16 (Asn-369-Cys-385). The helices are rather long and consist of 16-29 amino acid residues. The bundle forms on the boundary region with the closely associated monomer; therefore, its role may be in the stabilization of the tetrameric structure of PEPC.
The Aspartate Binding Site. L-Aspartate is one of the allosteric effector molecules for PEPC that causes an inhibition of catalytic activity (2) . The binding domain for this negative effector is shown in Fig. 5a ; four amino acid residues, Lys-773, Arg-832, Arg-587, and Asn-881, participate in the binding of aspartate. Lys-773 is one of the two lysine residues strictly conserved in all PEPC sequences reported to date. When Lys-773 was replaced with alanine, enzymatic activity was lost completely and the accumulation of the mutant Proc. Natl. Acad. Sci. USA 96 (1999) protein was decreased severely (12) . Lys-773 is salt-bridged to the carboxyl group in the side chain of aspartate by full extension of its side chain. Arg-832, which is also conserved highly in all PEPCs (11) , is also salt-bridged to the same carboxyl group. Arg-587 is the second arginine in the unique sequence of GRGGXXGRGG (XX ϭ TV, SI, or SV), which is conserved in all PEPCs (11) . This loop with six glycine residues provides a long flexible arm for the two functional arginine residues in this sequence. Arg-587 is salt-bridged to the carboxyl group of aspartate. The replacement of Arg-587 by Ser causes a virtual loss in overall catalytic activity to form oxaloacetate (27) . The salt bridge between Arg-587 and aspartate strongly suggests that this essential arginine is trapped by the inhibitory effector molecule. Therefore, the active site of the enzyme may be defined within the region swept by the long flexible arm of Arg-587 supported on the flexible loop with this unique amino acid sequence in PEPC. The fourth residue supporting aspartate binding is Asn-881, which is conserved completely in all PEPCs (11) . The participation of a near-terminal residue of the enzyme in the recognition and͞or binding of an inhibitor is very interesting and will be discussed later. Fig. 5b shows a GRASP representation (25) of the PEPC monomer in which the molecular surface is colored according to electrostatic potential (blue for positive, red for negative). Near the N terminus is a channel with weak acidic residues around its entrance and strong basic residues at its bottom ( Fig.  5 b and c) . Through the channel, aspartate is seen at the bottom (Fig. 5c ). This characteristic feature may explain the reduced sensitivity of higher plant PEPC to L-aspartate or L-malate when the plant-invariant serine residue near the N terminus extension, which is characteristic of plant PEPCs, is phosphorylated (3, 28) or replaced by an aspartic acid residue (3, 29) , because the target serine is likely close to the entrance of the channel.
The Probable Active Site. The chemical modifications of histidine, arginine, and lysine suggest that they are the essential residues involved in catalysis by PEPC (3). In PEPC, there are only two conserved histidines, His-138 and His-579. Sitedirected mutagenesis of these histidines has identified their Secondary structural elements of PEPC are indicated by cylinders (␣-helices) or arrows (␤-strands), and the missing loop from Lys-702 to Gly-708 is shown as dots. The ␣-helices are labeled ␣1-␣40, and ␤-strands are numbered ␤1-␤8. Color coding corresponds to that in Fig. 3 . Secondary structural elements were determined with the DSSP algorithm within the RASMOL program (38) . The figure was prepared with the program ALSCRIPT (39) . The specific site of phosphorylation of the maize enzyme is Ser-15 (3, 28).
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Biochemistry: Kai et al. Proc. Natl. Acad. Sci. USA 96 (1999) essential role in catalytic activity (30, 31) . The locations of these two conserved histidines are shown in Fig. 6 , together with other residues important for catalytic activity and the inhibitory effector aspartate. The residues and aspartate are close together on the C-terminal side of the ␤-barrel. The interatomic distances between the ␣-carbon atoms of the two histidines and the aspartate are in the range from 17 Å to 18 Å. Next to His-579, the unique amino acid sequence of GRGGSIGRGG is shown in blue in the figure. This sequence contains the two arginine residues that are important for enzyme catalysis. Arg-587 is stretched toward the aspartate and away from the two histidines in this inactive form of PEPC. This glycine-rich loop may be sufficiently mobile, even though the aspartate holds the loop away from the catalytic site and restricts its mobility. The few amino acid residues that are not traced in the crystal structure consist of three at the N terminus and seven in the loop from Lys-702 to Gly-708 shown as dots in Fig. 6 . Therefore, this missing loop is very likely the active site of the enzyme. In the sequence of the loop, Arg-703 is conserved completely in all PEPCs, and Lys-702 and Arg-704 are well conserved in the form of either Lys or Arg. These functional residues are sandwiched by Ala-701 or Ser-701 and Gly-707 Gly-708, which make this loop flexible. In the aspartate complex of PEPC, this missing loop may have no ligands to fix its structure. The importance of this mobile loop in catalytic activity was indicated by several observations. First, when PEPC was treated with trypsin, the enzyme was inactivated readily, concomitant with a single cleavage at the carboxyl side of Arg-703 (T.Y., T. Kaz, and K.I., unpublished results). Second, when Arg-703 or both Arg-703 and Arg-704 were replaced by Gly, the k cat values decreased by Ϸ5-and 20-fold, respectively. As shown in Table 2 , only the K m value for bicarbonate was increased markedly by the mutations among the three reaction components, suggesting the involvement of these basic residues in the binding of bicarbonate. Furthermore, in these mutant enzymes, the activity of an unfavorable side reaction, i.e., bicarbonate-dependent phosphoenolpyruvate hydrolysis (see refs. another loop containing Arg-581 and Arg-587 catch substrate molecules at the active site with their functional residues and form lids to protect the reaction intermediates from attack by surrounding water. Fig. 6 is the molecular projection along the axis of the ␤-barrel viewed from its C-terminal side. Located between the missing loop and the very end of the ␤-barrel are the conserved residues Arg-396, which is essential for PEPC function (32) , and Lys-546, which is associated with bicarbonate binding (33) , along with the conserved arginine residues Arg-581 and Arg-699. Thus, the active site of PEPC is likely at the region around the C-terminal side of the ␤-barrel.
The C Terminus Structure. As described above, Asn-881 is hydrogen-bonded to the inhibitor aspartate. Fig. 7 shows the local structure around the C terminus, where a long helix (␣40) is formed with 19 residues from Pro-861 to Met-879, followed by the nonhelical RNTG sequence at the very end. ␣-Helix 40 is embedded in a hydrophobic region of the subunit made by several ␣-helices on the C-terminal side of the ␤-barrel. Of the 19 residues, 14 are hydrophobic in E. coli PEPC, 13 in maize (Zea mays) C 4 PEPC, and 14 in sorghum (Sorghum vulgare) C 4 PEPCs. Thus, the C terminus of PEPC is highly hydrophobic.
Patil and Chollet (34) have reported preliminary data indicating that the highly conserved stretch of amino acids from residue 870 to the C terminus is essential for the recombinant C 4 enzyme's stability in vivo and that this Cterminal domain possibly plays a critical role in the formation of the fully active, homotetrameric enzyme.
Conclusions and Perspectives. The three-dimensional structure of PEPC has been determined by x-ray diffraction methods at 2.8-Å resolution for the enzyme obtained from E. coli in the form of an inhibited L-aspartate complex. The overall tetrameric structure of PEPC can be described as a ''dimer of dimers,'' with the total molecular symmetry of D 2 . The PEPC monomer has an ␣-͞␤-barrel motif with eight ␤-strands surrounded by many helices. The active site is assigned to the C-terminal side of the ␤-barrel, because most of the catalytically essential residues identified by site-directed mutagenesis and chemical modification are located in this region. Further- (37) and RASTER3D (38) . (b) The molecular surface, omitting the Cterminal helix coordinates, was calculated with GRASP (25) . The figure is shown in the same orientation as a. Methods for site-directed mutagenesis, enzyme purification, and kinetic measurement were the same as described (12) .
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Proc. Natl. Acad. Sci. USA 96 (1999) more, in all PEPCs, most of the strictly conserved region directly flanks the C terminus of the respective ␤-strands (compare Fig. 4 with figure 4 in ref. 10) . A missing loop crossing over this side of the barrel was also implicated in the catalytic function of the enzyme. L-Aspartate, an inhibitory effector molecule, is bound close to the probable active site and salt-bridged to the catalytically essential Arg-587, which is in a conserved, glycine-rich GRGGXXGR 587 GG that is unique to PEPC. A logical implication of this finding is that allosteric inhibition by L-aspartate is exerted at least in part by immobilizing the flexible loop away from the catalytic site. The C terminus of PEPC forms a highly hydrophobic ␣-helix that is embedded in a hydrophobic pocket of the enzyme. The very end of the C-terminal chain is fixed by hydrogen bonding to the complexed L-aspartate. Identifying the detailed molecular mechanism for the enzymatic function of PEPC depends on the determination of the three-dimensional structure of an active form of the enzyme, which may be achieved by complexing PEPC with a substrate analogue, Mg 2ϩ , and the allosteric activators (35) .
